An instantaneously usable fully printed paper-based threeelectrode system was developed for use as cost-effective and disposable biosensors and ion sensors. The three-electrode system was composed of a carbon working electrode, counter electrode, and an integrated Ag/AgCl reference electrode with an inner saturated KCl layer and a liquid junction. The potential stability of the reference electrode was approximately 99 h. The setup time was less than 1 min.
Disposable screen-printed three-electrode systems constructed with working, counter, and reference electrodes have been widely used for ion sensors and biosensors. Generally, the reference electrode on the disposable screen-printed threeelectrode system is a quasi-reference electrode that is composed of a printed Ag/AgCl mixture paste. 1 Although the quasireference electrode is easily fabricated by screen-printing, it is unstable because the potential of the Ag/AgCl reference electrode normally depends on the concentration of the chloride ions in the measurement solution. In addition, the long-term stability of the quasi-reference electrode is several minutes, because the electrode reaction of the quasi Ag/AgCl reference electrode in a measurement solution proceeds along with the dissolution of chloride ions on the Ag/AgCl electrode. To solve the problem, in the present study, we newly developed a threeelectrode system possessing a planar-type reference electrode.
Planar-type Ag/AgCl reference electrodes, which have a liquid junction layer and an electrolyte layer containing KCl to maintain a stable potential, have particularly attracted great interest during the past decade. 214 When a Ag/AgCl reference electrode is soaked in a measurement solution, the measurement solution penetrates the liquid junction, and then contacts both the electrode surface and the electrolyte layer. By solution penetration into the electrolyte layer, KCl contained in the electrolyte layer dissolves in the measurement solution. As a result, the concentration of Cl ¹ near the surface of the Ag/AgCl electrode is saturated. Thus, the potential of the reference becomes stable. To prevent KCl leakage from the inner electrolyte layer, the liquid junction is very useful. Typically, the inner electrolyte solution containing Cl ¹ is replaced with an electrolyte polymer (gel) layer. The planar-type Ag/AgCl reference electrodes previously reported were mainly fabricated by screen-printing. 214 For example, Tymecki et al. reported a screen-printed reference electrode with an electrolyte layer composed of a UV-curable resin and potassium chloride. 6 Recently, we developed a paper-based reference electrode, which showed a setup time (hydration time) of less than a minute and a lifetime of up to 75 h. 14 In this study, we newly designed and fabricated a fully screen-printed disposable three-electrode system based on the concept of paper-based reference electrodes ( Figure 1 and Figure S1 ). Paper-based devices have recently attracted great attention, because a paper has the following remarkable properties as a substrate of an electrochemical system: It is (i) printable, (ii) combustible, (iii) flexible, (iv) lightweight and thin, and (v) disposable and biocompatible. 1518 In addition, as mentioned in our previous paper, 14 a paper acts as a good liquid junction owing to its hydrophilic surface and porous structure. The test solution can be supplied rapidly into an inner electrolyte layer by the phenomenon of self-pumping, leading to the short setup time. Moreover, a large amount of KCl powder can be incorporated in the paper layer. In previous research, many researchers fabricated only a planar-type reference electrode by screen-printing. To our best knowledge, there are no reports on a disposable fully screen-printed threeelectrode system containing an integrated planar-type reference electrode.
As shown in Figure 1 , the fabricated three-electrode system has two parts: a measurement part (Figure 1 . Firstly, we explain the structure of the reference electrode part. The detailed structure is depicted in Figure S1 . A Ag/AgCl electrode was formed on the other side of the reference electrode part, and a conducting layer of Ag was formed on the Ag/AgCl layer using a Ag ink. The detailed fabrication processes are presented in the Supporting Information (also see Figure S2 ). The printed patterns obtained by using the Ag and Ag/AgCl inks were dried at 120°C for 20 min. A resist ink was printed to prevent the Ag layer from reacting with the measurement solution; this pattern was cured at 100°C for 20 min. An electrolyte layer containing KCl was fabricated on one side of a wax-ink-printed paper substrate (the water-repellenttreated substrate is described in detail later). The water-repellenttreated paper substrate was fabricated by printing a homemade wax ink, which is described in detail later. Subsequently, 0.5 mL of saturated KCl solution prepared by dissolving 246 mg of KCl in 1 mL of ultrapure water, was dropped thrice on the waterrepellent-treated paper substrate, and then, the substrate was dried at 120°C for 20 min.
Next, we explain the structure of the measurement part. Carbon working and counter electrodes were formed on one side of the measurement part (see Supporting Information). The surface area of the working electrode was 3.14 mm 2 . A paperbased liquid junction was formed on the other side of the measurement part by printing the homemade wax ink. The liquid junction was designed to have enough length to reach the KCl layer. After printing the wax ink, a hotmelt ink was additionally printed on the water-repellent part. Finally, we attached the two parts of the three-electrode system by melting the hotmelt ink at 120°C for 20 min. Figure S3 shows the photographs of the fabricated three-electrode system.
To create the electrolyte and liquid junction parts by waterrepellent printing (Figure 1 and Figure S3 ), we applied a homemade wax ink in this study. Several methods have been reported for the water-repellent treatment of a paper substrate, such as a photolithography 19 and etching using a polystyrenesoaked paper. 20, 21 However, these methods involved complicated processes. Hence, we focused on wax ink printing using a screen-printer to create the water-repellent parts by referring to previously reported works. 22, 23 Firstly, 80 mg of sodium dodecyl sulfate was dissolved in 10 mL of ultrapure water, followed by the addition of 10 g of bee wax. Next, the mixture was heated at 80°C for 10 min and homogenized using an ultrasonic homogenizer in a water bath to disperse the bee wax. Then, 0.3 g of polyethylene glycol was mixed in the dispersed solution to increase the solution viscosity. Finally, the prepared wax ink was cooled to room temperature.
We characterized the wax ink by viscosity measurements using a rotational viscometer \(DV-I+, Brookfield Inc.). Figure S4 shows the viscosity curve of the prepared wax ink. The viscosity curve shows high viscosity values in a low rotation range (low shear force) and low viscosity values in a high rotation range. This result indicated that the wax ink was suitable for screen-printing owing to its thixotropic character.
We then assessed the performance of the water-repellent wax ink for printing. Figure 2a shows a photograph of the paperbased fluidic channel fabricated by wax ink printing. The paperbased fluidic channel was soaked in an aqueous solution containing a red dye in order to make the channels clearly visible. The widths of the screen mask patterns were 1500, 1200, 1100, and 1000¯m, respectively. The lengths of the screen mask patterns were identical (35 mm). As can be seen, the waterrepellent pattern is clearly formed on the paper substrate, and the width of the fabricated liquid junction is 1500¯m. Further, the hydrophobicity of the water-repellent wax ink-printed pattern was estimated by contact angle measurements using a contact angle meter (Drop Master 300, Kyowa Interface Science Inc.). Figure 2b and c show the photographs of a water drop on the water-repellent wax ink-printed paper surface. The contact angles of the front and back sides were 94.8°and 100.4°, respectively, which indicated that the wax ink-printed part of the paper substrate was hydrophobic.
Next, we assessed the performances of the fabricated threeelectrode system. Firstly, the potential stability of the fabricated Ag/AgCl paper reference electrode was investigated from open-circuit potential measurements. The measurement setup is depicted in Figure S5 . We estimated the potential changes in the fabricated reference electrode by using a two-electrode system. A 10 mM Na 2 SO 4 solution was used as the measurement solution. The potential difference between the two electrodes was monitored ( Figure S5) . By referring to a previous report, the period before the potential of the reference electrode became stable was defined as the setup time. 12 The operational time at which the potential drifted by more than 30 mV was defined as the long-term stability (lifetime).
12
Figure 3 shows time-potential curves of the fabricated Ag/ AgCl paper reference electrode in a 0.1 M Na 2 SO 4 solution using the commercial saturated KCl/Ag/AgCl electrode as a reference. The initial potential of the fabricated reference electrode in the 0.1 M Na 2 SO 4 solution was about 10 mV, revealing that a set-up time of ³1 min (n = 6) was observed in all cases. This result indicated that the fabricated paper liquid junction worked to supply enough volume of the solution to the electrolyte layer as expected. The setup time is sufficient to allow the fabricated Ag/AgCl paper reference electrode to be used as a practical disposable device. The long-term stability of Open-circuit potential variation of the fabricated Ag/AgCl reference electrode measured in 100 mM Na 2 SO 4 using a commercial Ag/AgCl reference electrode ( Figure S5 ). the reference electrode was 99 « 40 h (n = 6). The setup time and stability of the reference electrode are almost the same as those of our previous paper-based reference electrode. 14 It is noted that we tested the negative control without the wax ink as water-repellent, but the paper of the measuring part absorbed a large amount of water. Thus, KCl of the reference part dissolved very quickly. The potential of the reference part shifted to unstable within 3 min (data not shown).
We performed cyclic voltammetry (CV) to study the suitability of the fabricated three-electrode system for electrochemical measurements. 24 The CV curves of the fabricated threeelectrode system were measured in a 100 mM Na 2 SO 4 solution containing 10 mM K 4 [Fe(CN) 6 ] and 10 mM K 3 [Fe(CN) 6 ] using a potentiostat (ALS1206, BAS, Japan) at a scanning rate of 100 mV s
¹1
. CV measurements using the fabricated measurement part with a commercial reference electrode were also performed. Figure 4 shows the CV curves obtained using the asfabricated three-electrode system (dotted line, Figure S5 ) and a two-electrode system (Figure 1(a) ) with commercial reference electrodes (solid line). No significant difference was observed in the peak currents, indicating that the fabricated three-electrode system can be used as a basal electrode system for chemical sensors and biosensors with a high potential stability.
The peak-to-peak separation (¦E p ) value was calculated. The ¦E p value was about 270 mV, greater than the theoretical value (59.2 mV), due to the resistance of the carbon electrode printed on the filter paper. In the near future, we will further modify the structure of the working electrode to obtain the ideal value of ¦E p .
In summary, a fully screen-printed paper-based threeelectrode system with instantaneous usability and long-term stability was successfully fabricated. The homemade wax ink was found to be very useful to form a paper-based liquid junction and electrolyte layer by screen-printing. The long-term stability was 99 h. The setup time of the fabricated threeelectrode system was less than 1 min. From these results, it was concluded that the three-electrode system is promising for future technological applications, including disposable biosensors.
